INTRODUCTION
From experiments on the action spectrum of photosynthesis (largely by Emerson and co-workers), and of chlorophyll fluorescence (by French, and Duysens) performed up to 1957, an apparently consistent picture emerged which could be summarized as follows.
Photosynthesis is sensitized, in algae of all divisions (and in the higher plants as well), most effectively by light quanta absorbed by chlorophyll a. Light absorbed by other, accessory pigments (chlorophyll b and c, the phycobilins, and the carotenoids) can contribute to photosynthesis with an efficiency which is either lower, or, at best, equal to that of the light absorbed by chlorophyll a. The efficiency of accessory pigments in sensitizing photosynthesis closely parallels their efficiency in sensitizing the fluorescence of chlorophyll a. It is therefore plausible to postulate that the contribution of accessory pigments to photosynthesis is based on transfer of the light energy absorbed by them to chlorophyll a (where it can be utilized to produce chlorophyll fluorescence, or to sensitize photosynthesis). A mechanism by which this transfer is likely to occur has been demonstrated by physicists (Perrin, Vavilov, Forster, and others), and is known as "resonance energy transfer" or "inductive resonance."
The efficiency of the energy transfer to chlorophyll from the several other pigments present in chloroplasts must depend mainly on two factors: the intimacy of their association, which may involve both spatial closeness and chemical attachment, and the overlapping of the fluorescence band of the accessory pigment and the absorption band of chlorophyll a (which is the measure of resonance between the two pigments).
If this picture is accepted, it can still be asked if the energy supply to chlorophyll a is the main purpose of the presence of the different accessory pigments in various photosynthetic organisms, or if some of them may have other physiological functions. In the case of the phycobilins, found mainly (but not only) in deep-water red algae, the energy-collecting function appears plausible and may be vital, because of the predominance, deep under the sea, of green light not effectively absorbed by chlorophyll. This fact, and the high efficiency of energy transfer from the phycobilins to chlorophyll (80-95 %), observed in measurements of the action spectrum of chlorophyll fluorescence, supports the assumption that energy supply is in fact the main raison d'etre of red (and blue) pigments in Rhodophyceae. The case of fucoxanthol appears similar; this pigment, too, contributes significantly to the absorption of submarine light by the Phaeophyceae and Bacillariophyceae, and experiments show a high efficiency of energy transfer from it to chlorophyll a. Other carotenoids, particularly those found in green plants, contribute very little to the total absorption of sunlight, and the efficiency of energy transfer from them to chlorophyll a is relatively low (20-50 %). It seems likely that the main physiological function of these pigments is different; the fact that they contribute excitation energy to chlorophyll a may well be merely a physically unavoidable, but physiologically insignificant phenomenon.
The above-mentioned picture had one dark spot. Blinks, Haxo, and Yocum (9) had concluded, from measurements of the action spectra of photosynthesis in various species of red algae, that the photosynthetic efficiency of the light quanta absorbed by the phycobilins is generally higher; often much higher, than that of the light quanta absorbed by chlorophyll a. This suggested direct sensitization of photosynthesis by the red pigment, without the intermediary of chlorophyll a-in contradiction to the above-described picture. However, Duysens (3) found that a similar phenomenon can be observed also in the excitation of the fluorescence of chlorophyll a in these algae; it, too, is excited more efficiently by light quanta absorbed by the phycobilins than by those absorbed by chlorophyll a itself. The II. ENHANCING EFFECT OF AUXILIARY LIGHT. The far-red quantum drop made many people think that perhaps in this part of the spectrum, energy quanta may be too small to sustain photosynthesis, or at least to do so with a good yield. This seemed an attractive explanation, despite the fact that spectroscopic theory suggests that within a given electronic absorption band, the electronically excited molecules, after thermal equilibration with the medium (which is likely to be completed, in a condensed medium, before the photochemical reaction takes place), must have the same vibrational energy distribution, and thus also identical reactivity, whatever the specific size of the absorbed quantum.
If insufficient vibrational energy of the electronically excited chlorophyll molecules had something to do with the red drop, one could expect the quantum yield in this spectral region to improve with increasing temperature. The first experiments of Emerson et al (5) were therefore concerned with the effect of temperature on the quantum yield in the far red. A temperature effect was in fact found, but it had the opposite sign from that expected; the far red light was used more effectively at 50 C than at 200 C! (fig 4) . This finding, which in any case did not support the suggested interpretation of the red drop, was not further pursued, since another one, obtained at about the same time, appeared more exciting, supporting, as it did, the interpretation of the drop as indicative of the importance, for photosynthesis, of quanta absorbed by accessory pigments. This was the finding (figs 4, 5) that the quantum yield of photosynthesis in far red light can be substantially improved by auxiliary illumination with light of shorter wave length. The average quantum yield obtained in two superimposed beams proved to be substantially higher than the average of the quantum yields obtained by using the two light beams separately. Since in the auxiliary light per se, the yield was the usual one (8) (9) (10) (11) (12) Considering the uncertainties involved in the calculation, the parallelism of the curve pairs in figures 6 to 9 appears striking. It justifies the conclusion that the enhancing effect of light of a certain wavelength on the yield in the far red parallels the proportion of light absorbed, at this wavelength, by the main auxiliary pigment-chlorophyll b in Chlorella, phycocyanin in Anacystis, fucoxanthol in Navicula, and phycoerythrin in Porphyridium. It seems that the far-red quanta, absorbed by chlorophyll a, are most effectively supplemented by quanta absorbed by an auxiliary pigment, and not by other quanta absorbed by chlorophyll a itself.
Since in an average higher plant a broad band of red and orange light, which is absorbed to about % by chlorophyll b and about 34 by chlorophyll a, can produce photosynthesis with full efficiency, it seems that quanta absorbed by chlorophyll a at the shorter wavelengths do not need supplementation by quanta absorbed by other pigments.
One matter that needs further attention is the appearance on figures 6 to 9, of negative effects. If confirmed by further experiments, they may mean that under certain conditions, combinations of far-red light with light of shorter wave lengths may decrease rather than increase the total yield (even though the experiments were carried out at light intensities far below saturation). In this case, it may be that the effect is due to decline in the efficiency of the auxiliary short-wave light to below the usual value of 8 to 10 quanta per 02 molecule, rather than to a further de- (fig 10) .
Because of Myers' findings in experiments on algal growth, it was suspected that vitamin K may be a possible active ingredient of broth or earth extract; experiments with the addition of this (and other) pure organic micronutrients are planned.
Even considerable alterations in the composition of the inorganic growth medium had no effect on the red drop in Chlorella.
V. EFFECT OF TIME INTERVAL BETWEEN ABSORP-TION OF FAR-RED LIGHT AND SUPPLEMENTARY LIGHT.
In the experiments described above, the experimental arrangement was that shown in figure 11 . The farred light, isolated by glass filters, entered the manometer vessel from above, while the auxiliary light came from below, usually through a monochromator (except in blue-violet light, where filters had to be used). In the majority of the experiments, both beams were practically completely absorbed. In a preliminary experiment, the auxiliary beam was sent from below and the far-red light from the side, and the enhancing effect was found to be considerably smaller. Since in the second arrangement, a cell needs less time to get from the bottom layer of the vessel, (where it has the greatest chance to absorb auxiliary light) into the layer where its chance to absorb far-red light is highest, this observation raised the possibility that a certain time interval between the two absorption acts may favor the effect. This Franck (7) suggested a different interpretation. In it, the two kinds of chlorophyll involved in photosynthesis are a non-fluorescent form, in which the excited molecules in the S*-state are instantaneously 660 690 7 00 converted, via the n 7r-state, into metastable molecules mj T; and a fluorescent kind, which permits the S*-state in fluorescent and to survive long enough either to fluoresce, or to mi-(Lowest 1 ff level, grate, by resonance, through a sequence of chlorois T.) phyll molecules, until transferred to a molecule already bsorption curves of in the T-state, raising it into an excited triplet state, lashed line) and in T*. The latter has an energy content so high as to
In the first case, permit direct sensitization of an electron (or hydroide of the main sf gen) transfer from H2O to RCOOH (or their equivits long-wave side, alents on the energy scale). e red drop.
Absorption on the long-wave side of the main absorption peak, > 690 mnL, is suggested, in Franck's theory, to be due predominantly to n 7r transitions in must be postulated the non-fluorescent state ( fig 13) it therefore proiary photochemical duces predominantly T-molecules, which alone cannot d (preferentially) bring about photosynthesis. Absorption in the main L bv chloroDhvll a band, 650 to 690 mA, on the other hand, excites both itself. To make this plausible, one could postulate, for example, the existence of two types of chlorophyll a complexes in the cell, e.g., such associated with a reductant and such associated with an oxidant, and assume that one of these two types is closer to the auxiliary pigment than the other.
Somewhat awkward is the necessity to postulate equal fluorescence yield of both types. Livingston (11) has shown how different is, for example, the fluorescence of chlorophyll associated with polar molecules (water, alcohol, amines) from that of chlorophyll surrounded exclusively by non-polar lipoid molecules. The fluorescence efficiency is generally determined by competition between the radiative transfer from the fluorescent (excited singlet) state to the ground singlet state, and the non-radiative transfer to the metastable triplet state (fig 12) . It has been often postulated that the photochemical PLANT PHYSIOLOGY types of chlorophyll. Depending on their ratio, it can either produce about equal numbers of S* and Tmolecules, and thus ultimately, a large number of T*-molecules and a high yield of photosynthesis (as in Chlorella), or predominantly T-molecules, and thus a low yield of chlorophyll fluorescence and photosynthesis (as in Porphyridium). Finally, (developing Franck's interpretation so as to fit M. Brody's findings), one can suggest that absorption at 640 to 650 my could excite predominantly the fluorescent species (in which the absorption on the short-wave side of the main peak is reinforced by the n ir-transition!), and thus give, in all cells, a high yield of fluorescence and of photosynthesis.
It is to be noted that under no condition is there a danger of shortage of molecules in the T-state, since even in the extreme case of exclusive excitation of fluorescent molecules, the transition S* -T is the most likely fate of each S*-molecule, unless enough T-molecules have accumulated for the transition S* + T -S + T* to become equally likely.
Another note: as Franck pointed out, similar kinetic relationships can be derived also by considering, instead of a double excitation leading to the T*-state, two separate primary photochemical processes, one sensitized by molecules in the S*-state and one sensitized by molecules in the T-state, with the full quantum yield being only possible if the rates of the two processes are equal.
The assumption that there are (at least) two different kinds of chlorophyll in the chloroplasts imposes itself quite independently from Franck's ingenious hypothesis. The width of the red band in vivo alone suggests it (Duysens, personal communication) . The analysis of the shape of the absorption band by French (8) provides quantitative evidence that the red band has a complex nature, and that its composition varies from species to species. One minor band, found in the absorption spectrum of some cells by French, has a peak at about 695 mi', and could thus qualify as the band responsible for the drop in quantum yield of photosynthesis in Chlorella > 685 mA ( fig 14) ; it may be the n r band of the non-fluorescent chlorophyll component postulated by Franck. However [after S. S. Brody (2) Whatever specific hypothesis would be supported by future studies, it is highly plausible that the red drop is associated with the existence of several forms of chlorophyll a in vivo, and with the incapacity of one of these forms (or, to be more cautious, of one absorption band of this form) to sensitize photosynthesis with full maximum quantum yield; the enhancing effect of light absorbed by other pigments is most probably due to the preferential transfer of excitation energy from these pigments to another more active form of chlorophyll a.
SUMMARY
The enhancement of the quantum yield of photosynthesis in far red light (>680 mA) by auxiliary light of shorter wavelengths is measured as a function of the wavelength of auxiliary light, for green (Chlorella), brown (Navicula), red (Porphyridium), and blue-green algae (Anacystis). The resulting "action spectra of the Emerson effect" show sharp peaks in the regions where the contribution of auxiliary pigments (chlorophyll b in Chlorella, chlorophyll c, and fucoxanthol in Navicula, phycoerythrin in Porphyridium, phycocyanin in Anacystis) to total light absorption is highest. This appears offhand as evidence that excitation of chlorophyll a alone is insufficient to produce photosynthesis (at least, not with a high yield), and simultaneous excitation of one of the auxiliary pigments is needed. However, the high yield of chlorophyll fluorescence in vivo sensitized by auxiliary pigments contradicts this interpretation, since it suggests highly efficient transfer of excitation energy from auxiliary pigments to chlorophyll a. A solution can be sought in the assumption of (at least) two different forms of chlorophyll a, which need to be excited to produce photosynthesis. Only one is excited by far red light, the other can be excited either directly, e.g., by near red light, or indirectly, by energy transfer from the auxiliary pigments.
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